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ABSTRACT
Multi-material design is one of the most attractive methods for automakers to
reduce production cost while achieving lightweighting to meet stringent regulations and
fuel efficiency concerns. Lightweighting, parts consolidation, reduction in assembly time
and cost, and diverse functionalities are some advantages to the use of multi-material
design in the automotive industry. However, the current technology of multi-material
manufacturing faces some drawbacks, such as high cycle time, the necessity of various
tooling and machinery systems, tight tolerance requirements, and extended planning effort
on the production line. In this study, a technique named the Hybrid Single Shot (HSS),
which is similar to Polymer Injection Forming (PIF), is used to manufacture CF/EpoxyThermoplastic components in a single operation. Unlike the PIF method, a carbon fiber
/epoxy prepreg sheet is used as an insert material instead of sheet metal. In this technique,
an injected polymer melt behaves like a forming medium to form the inserted thermoset
sheet, in a single operation. Molten polymer not only forms but also bonds with the
thermoset sheet using the high temperature of the polymer, in one process. CF/Epoxy sheet
with injected thermoplastic is a hybrid structure that combines high mechanical properties
of thermoset composite with the toughness and complex geometries of injected
thermoplastic into a single component.
A feasibility study was conducted for developing an integrated technology for the
manufacturing of thermoset CF/Epoxy prepreg sheet with an injection of polypropylene to
overcome the high cycle time and production cost associated with the manufacturing of
such hybrids. Several sample parts were manufactured to demonstrate the effect of the
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process parameters on the process performance and the appearance of the final hybrid
component. Although the results were promising, it showed some practical challenges such
as excessive penetration, inadequate deformation, and warpage.
Various process and design parameters are applied to the hybrid single shot process
to circumvent these challenges. For example, a lower injection speed rate and the injection
temperature are applied to increase the viscosity to prevent the penetration of polymeric
melt through the thermoset sheet.
Also, to evaluate the impact of polymer injection on the degree of cure of the
prepreg sheet, Differential Scanning Calorimetry (DSC) analysis is conducted at a different
pre-heat time before and after injection. The results showed that an increase in pre-heating
time and injection temperature significantly enhanced the curing of the prepreg sheet after
injection. Further, the mechanical properties of the hybrid part will be examined to identify
the effect of individual properties of CF/ Epoxy and PP on the final component.
Another contribution of this study is that it avoids many difficulties that
conventional TS/TP joining techniques face. Specifically, these traditional joining
methods, namely mechanical fastening, adhesive bonding, and welding, are timeconsuming and labor-intensive. Also, mechanical fastening causes delamination and
possible galvanic corrosion while adhesive bonding requires extensive surface preparation.
Despite the time and weight advantages, welding techniques tend to create local
delamination due to high local temperature. The hybrid single shot method is a promising
alternative to overcome all the challenges that conventional methods face. A lap shear test
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is conducted to address the bonding conditions between polypropylene and CF/Epoxy
prepreg.
The experimental results presented in the previous chapters have revealed that the
final geometry of the hybrid part is highly dependent on the preheating conditions and
pressure field applied on the prepreg sheet during the injection phase. The pressure
distribution is then a function of selected polymer, process settings, and most importantly
of the geometry of the flow channel. To model the forming of the prepreg sheet due to this
non-uniform pressure field, it is essential to couple all the physical events occurring inside
the cavity. Therefore, the last contribution of this study is to have a better understanding
on the effect of interaction injection, forming and curing on the final geometry of prepreg
sheet, a quick yet accurate simulation of the HSS process. This simulation includes the
consideration of the non-uniform pressure distribution of the melt flow and the prepreg
sheet deformation behavior based on a new experimentally calibrated numerical approach.
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CHAPTER ONE
1. MOTIVATION AND INTRODUCTION

1.1 Hybrid components
The modern automobiles have seen remarkable changes in the types of materials
employed in its manufacture. From being a metallic behemoth in the 1950s, the current
automobiles have moved towards extensive deployment of alternative lightweight
materials. This dramatic shift over the years can be attributed to increasing demands for
reducing vehicle weight in order to improve fuel economy and meet legislative and
regulatory requirements. Such legislative and regulatory requirements include those on
combating climate change by directing automobile manufacturers to increase fuel
efficiency and thereby reduce CO2 emissions. In particular, the Corporate Average Fuel
Economy (CAFE) standard by the U.S. Environmental Protection Agency (EPA) set a
fleetwide average of 54.5 miles per gallon by 2025 [1]. In order to meet the CAFE 2025
target, automakers are investigating several approaches, including an aggressive pursuit of
lightweighting cars, since a reduction of 10% in vehicle weight can result in the
improvement of fuel economy by 6–8% [2]. Lightweighting can be achieved by parts
consolidation, material substitution, and design optimization. Among these, material
substitution, in particular with plastics, provides lightweight, easily processable, and
corrosion-resistant parts for the automotive sector. Use of plastics in the automotive sector
can be traced back to the 1900s. However, its most prominent display was in 1941 when
Henry Ford unveiled his plastic-bodied car made from hemp-, sisal-, and cellulose-based
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plastics {Henry, 1942 #201}. Plastics incorporation in cars has steadily grown over the
years from a mere 20 lbs. per car in the 1960s to 357 lbs. in 2010 [4]. Fig. 1.1 shows the
comparison of plastic content in cars between the European and American automotive
segments from 2003 to 2011 [4, 5]. Traditionally, thermoplastics and elastomers [e.g.,
polypropylene (PP), polyethylene (PE), polyamide (PA), and thermoplastic polyolefin
(TPO)] have been used in instrument panels (IPs), seats, belts, gaskets, sealing adhesives,
and tires. However, thermoset composites, such as carbon-fiber-reinforced plastic (CFRP)
and glass-fiber-reinforced plastic (GFRP), have been extensively used in structural
components, such as Body-in-White (BiW), leaf spring, crash box, and A and B pillars [6].
The replacement of thermoset and thermoplastic composite materials with the
conventional metallic materials has been a subject to great interest to the aerospace,
automotive, and marine industries, given the tremendous strength and stiffness-to-weight
ratios of these composite materials over their metallic counterparts [7-9]. Numerous
approaches have been examined in order to meet stringent regulations and fuel efficiency
concerns [10].
As can be seen in Figure 1. 1 multi-material design is one of the most effective methods
used in the auto industry to reduce production cost while achieving lightweighting since it
is a promising method to the reduce number of parts, cycle time and assembly cost [1114].
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Figure 1. 1: Lighweighting trend approaches [15]

On the other hand, as can be seen in Figure 1. 2 achieving this purpose in a mass
production with the existing material combinations is challenging. Due to that reason a
need exists for an innovative hybrid structures capable of lighweighting and high-volume
production.
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Figure 1. 2: Lightweight potentials of advanced materials in mass production [16]

1.2 Thermoset-thermoplastic components
The use of multi-material design in the automotive industry is also advantageous in
terms of parts consolidation, reduction in assembly time and cost, and diverse
functionalities. For instance, both thermoset and thermoplastic material systems have their
own characteristics and sometimes in opposite direction which make them suitable for
some specific applications while unsuitable for another one. For instance, as the Figure 1.
3 shows, low fracture toughness, limited shelf life, and long curing time are the drawbacks
of thermoset materials while high ductility, high heat and chemical resistance, and low
production time are the main advantages of the thermoplastics [17-21]. Hence, a hybrid
structure made of these two material systems is advantageous as it allows us to combine
high stiffness and low cost of thermoset composites with the high toughness and process
flexibility of the thermoplastics.
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Figure 1. 3: Characteristics of thermoset and thermoplastics

This combination is promising in automotive applications structural parts, tailgate
and interior applications. However, automotive industry is not the only area this hybrid
structures can be used. As shown in Figure 1. 4, it is also feasible to apply this combination
in electronics, household appliances, and sports products.

[16]
16]

[24]

[

[22]

[

22]

[25]

[

24]

[

23]

[

25]

Figure 1. 4: Potential applications of TS-TP hybrid components
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[23]

[26]
26]

[

Traditionally, the primary fabrication methods for thermoset based FRP processing
are resin transfer molding (RTM), autoclave, and prepreg compression molding (PCM).
RTM is a widely used FRP close mold manufacturing method. RTM offers thickness
control, low tooling cost, low pressure press, and good surface quality which are desirable
for automotive parts production. On the other hand, up to 25 minutes of cycle time and
5000-50000 of mid-size volume production per year limits its’ mass production in
automotive industry [27-29]. An autoclave is a pressure chamber which can control raised
temperature and pressure different than ambient air pressure during the manufacturing
process [30]. The autoclave method assures a high-quality final product with a low void
content while it's tooling, and handling costs with long curing time push the industry to
find alternative ways to conquer the weaknesses of the autoclave. Prepreg Compression
Molding (PCM) is also one of the commonly used carbon fiber out-of autoclave
manufacturing methods. PCM is an out-of autoclave process which offers short cycle time
and high-volume manufacturing to thermoset prepregs within a quality of autoclave
process whereas required secondary operations increase the cycle time of the PCM process
[31 ,32].
Prepreg composites became preferable over the hand layup system due to their
better resin/fabric balance, which has a vital effect on mechanical properties, product
consistency, reducing waste, shorter curing time, and better cosmetics [33].
Conservatively, thermoset based pre-impregnated carbon fibers are manufactured by
autoclave process, vacuum bag oven process, pressure bag process, match molding process,
tube rolling process, and compression prepreg molding. Among these processes, autoclave
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and vacuum bag processes are two widely used manufacturing methods for prepreg parts’
production. Although its exceptional quality and low void contents make it desirable, high
tooling and operation costs, long curing time, and rigorous manufacturing operations of
autoclave processing limit its application to complex and high-volume products. The
vacuum bag oven process fits the umbrella of thermoforming which takes place under the
certain temperature and pressure. This is an alternative prepreg manufacturing method to
produce a final part, which is close to autoclave standards, but with a lower curing time
and cost [34]. While the case of the thermoplastic part production, injection molding
process is dominantly used.
When thermoset and thermoplastic parts are separately produced, at least secondary
service is required to assemble these two parts; which is called joining. Joining is a critical
stage in the production of constituents from polymers. Traditional joining techniques have
been widely examined in the academic community. Conventionally, plastics can be joined
in three different ways: mechanical fastening, adhesive bonding, and welding. Due to the
crosslinking features of thermosets, only mechanical fastening and adhesive bonding
methods can be used in bonding for thermoset materials. However, some studies have been
conducted in possible thermoset welding in the last decade to overcome the weakness of
mechanical fastening and adhesive bonding methods. The drawbacks of mechanical
fastening stated in previous reviews are stress concentration, drilling-induced
delamination, possible galvanic corrosion, limited lightweight design, time consumption,
and labor intensity [35-38]. Similarly, adhesive bonding is also labor intensive, and it
requires extensive surface preparation and long curing time [39]. Various kinds of welding
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methods have been studied to overcome these disadvantages of the traditional joining
method. Studies show that it is likely to achieve little surface preparation, short assembly
time, lower assembly cost and weight as compared to fastening and bonding methods [36,
39-42]. On the other hand, localized pressure and temperature application to the part leads
to non-uniform pressure and temperature distribution. Also, similarly with the traditional
methods, welding operations require secondary operations for joining different materials.
Due to the secondary or third operations requirement, conventional multi material
design manufacturing methods have some limitations such as;
-

Increase in cycle time,

-

Need several tools and machineries,

-

Requirements of tight tolerances,

-

High planning effort in production line,

-

High greenhouse gas emissions.

Figure 1. 5: CO2 emissions of advanced materials in manufacturing phase [43]
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Figure 1. 5 demonstrates the CO2 emission of automotive lightweight materials
during their manufacturing phase. It shows that CFRP production produces much more
CO2 emissions as compared the other alternative lightweight materials. Hence, there is a
need for a novel technique for manufacturing hybrid thermoset/thermoplastic components
while eliminating the limitations of existing methods.
Figure 1. 6 shows the primary manufacturing methods of CF/ Epoxy prepreg and
thermoplastic hybrid structure. Most commonly used techniques can be classified into two
categories:
1. The first route to manufacture CF/Epoxy prepreg-thermoplastic hybrid component
is thermo-forming the thermoset material followed by over-molding with
thermoplastic material.
2. The second option can be the manufacturing thermoplastic material in injection
molding, and thermoforming the thermoset insert followed by assembling/bonding
these two components in the third operation.
As it is discussed earlier, these conventional methods are not time, weight and cost
efficient. Therefore, in this study novel manufacturing method named Hybrid Single Shot
(HSS) proposed to eliminate the secondary operation and manufacture TS/TP hybrid
structure in a single operation.
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Figure 1. 6: Primary and manufacturing methods of CF/ Epoxy prepreg and thermoplastic hybrid structure

1.3 Introduction of Hybrid Single Shot (HSS) method
Given the high cost of current automotive lighweighting technology, much research
has been undertaken to reduce production costs while ensuring the lightweighting of
products. Multi-material design is one such promising method that can meet this need [15].
In addition to the lightweighting, this multi-material design shows much promise in terms
of using the different characteristics of two distinct materials into a single hybrid structure.
For example, a multi-material design of a carbon fiber thermoset with epoxy resin and
thermoplastic materials has the potential to combine high stiffness and low cost of
thermoset resin with high toughness, and the process flexibility of thermoplastic material
in a hybrid component. As such, a hybrid thermoset/thermoplastic component is a viable
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alternative for overcoming the limitations above and for enhancing the inherent properties
of both materials. However, the current technology of multi-material manufacturing faces
some drawbacks, such as high cycle time, the necessity of various tooling and machinery
systems, tight tolerance requirements, and extended planning effort on the production line.
Given these difficulties, a novel method that can replace these cumbersome TS-TP hybrid
component manufacturing methods is needed. To address these challenges, in this study, a
novel technique named the Hybrid Single Shot (HSS), which is similar to Polymer
Injection Forming (PIF), is used to manufacture CF/Epoxy-Thermoplastic hybrid
component in a single operation. Unlike the PIF method, a carbon fiber /epoxy prepreg
sheet is used as an insert material instead of sheet metal. Basically, HSS method is forming
and filling the CF/ Epoxy insert with the thermoplastic polymer to manufacture the hybrid
TS/TP plastic components (Figure 1. 7).

Figure 1. 7: The general idea of the HSS method

Figure 1. 8 demonstrates the process sequences of hybrid single shot method. The
thermoset sheets are first oven-heated to ease the deformation and initiate the curing
process. A temperature that is lower than the manufacturer-suggested curing time is used
to prevent any cross-linking reactions prior to the insertion of the prepreg sheet into the

11

injection mold. The prepreg sheets are located and secured to the B-side of the mold
immediate after pre-heating. A clamping force is used to close the two mold halves and the
blank holder force on the insert between them. The molten polymer is injected into the
cavity, which although behaving like a forming medium, forms the prepreg sheet and also
fills the cavity. After the forming and filling, the materials are packed and cooled to reduce
the temperature gradually. The final step involves an ejection of the final TS/TP hybrid
component from the injection-molding machine.

Figure 1. 8: Process sequences of hybrid single shot method
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CHAPTER TWO
2. LITERATURE REVIEW AND RESEARCH GAPS

This section will discuss the literature necessary to understand the basics of the
HSS method and review the state of the art in this area. Since the HSS method involves the
incorporation of sheet forming and injection molding techniques, it is comparable in some
ways to other procedures such as overmolding, thermoforming, and PIF methods.
Therefore, this chapter will touch base with the similarities and differences of existing
manufacturing methods over the HSS process. Also, the current use of TS/TP material
combinations in automotive industry and hybrid manufacturing techniques will be
examined.

2.1 Literature review
Both in industry and academia numerous studies focused on combining two dissimilar
materials in a new hybrid component. Among these combinations metal-plastic
composition is one of the well-studied hybrid components. Traditionally, the metal hybrid
techniques used in automotive applications called Polymer Metal Hybrid (PMH) is
classified in 3 categories;
1) Injection Over Molding Process: This technology patented by Bayer in 2002. It
starts by penetration of %30 short glass fiber reinforced nylon 6 to the metal insert through
the holes [44].
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2) Metal Over Molding Combined with Secondary Joining Operation: This
technology is patented by Rhodia and used in front end module of 2004 light truck. This
process initiates by locating the coated nylon under the steel stamping in an injection mold.
The plastic-coated surface of the metal insert is ultrasonically welded to injection molded
sub-component in the secondary operation [45].
3) Adhesively Bonded PMH: That method patented by Dow Automotive and is used
in production of front end module of 2003 Volkswagen. Low energy surface adhesive
(LESA) of Dow’s was used to join glass fiber reinforced PP to the metal stamping [46].
Later, to avoid using interlocking rivets/over-molded edges or structural adhesives in
joining of the metal and thermoplastics, direct-adhesion PMH technology is developed
[47].
While, multi-material manufacturing of plastic components are traditionally limited
with the mechanical fastening and adhesive bonding in industrial based. Figure 2. 1
represents the hybrid tailgate components are produced by Plastic omnium for Peugeot,
Range Rover, Jaguar, and Citroen with in a different material configuration [48]. To
manufacture the Range Rover tailgate, thermoset sheet molding compound (SMC) used in
inner panel whereas the outer shell was Polypropylene (PP). The tailgate of Citroen C4
produced by glass-filled thermoplastic olefin of polypropylene (PP LGF) which was 25%
lighter than steel manufacture tailgate.
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Figure 2. 1: Hybrid tailgate components with in a different material configuration [48]

The traditional technology of multi-material manufacturing requires two or more
operations to produce a hybrid component. Unfortunately, multi-material design
approaches are limited in terms of high cycle times, the necessity of various tooling and
machinery systems, tight tolerance requirements, and extended planning effort on the
production line. Also, 40-50% of a part manufacturing cost for thermoset-thermoplastic
components is from assembly as the joining of these two material systems can only be
realized by mechanical fastening and adhesive bonding techniques [49, 50]. Moreover, the
use of mechanical fastening methods has been limited due to the issues such as
delamination, galvanic corrosion, time consumption and its labor-intensive procedure
[51,52]. Adhesive bonding is also similarly labor-intensive as it requires an extensive
surface preparation and curing time [53].
Clearly, the manufacturing of hybrid thermoset-thermoplastic components is a
challenging process. As such, Polymer Injection Forming, or PIF, is one alternative
manufacturing technique developed to overcome the drawbacks of the traditional
manufacturing of metal-polymer structures [54]. PIF involves the integration of sheet metal
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forming and polymer injection molding by forming and filling the sheet metal with a
molten polymer in a single operation [55-58].
Contemporarily, the hybrid in-mold technology of plastics has been studied in different
material combinations. Hybrid in-mold combination of thermoplastic insert with
thermoplastic injection [59-62] and thermoset insert to thermoset injection have been
studied in the past researches. [63,64].
In the case of automobile applications, limited studies conducted for the polymer
to polymer joining. Lilli Manolis Sherman published an article related to the automotive
application of injection molded hybrid composites in Plastic Technology Magazine in 2002
[65].

Figure 2. 2:

a) Airbag Module [65]

b) Brake Pedal [65]

This article reported that airbag housing which is showing in Figure 2. 2 a produced
by fiber forming process of Tepex dynalite sheet with 47% continuous glass, overmolded
with Lanxess 40% short glass. Also, the same article mentioned composite sheet hybrid
technology of a brake pedal from Germany’s ZF Friedrichshafen AG is shown in Figure 2.
2 b. The brake pedal manufactured by over molding of Lanxess nylon 6 with 30% short
glass to the Tepex dynalite composite sheet of nylon 6 with 47% continuous glass. Also, it
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is reported that seat pans of Opel Astra OPC sport coupe are manufactured by over molding
of short glass reinforced nylon to the nylon impregnated continuous glass fabric preform.
The author concluded that PP, PBT, PES, PEEK, nylon 612, and nylon 66 would be other
candidate materials to use in the composite-sheet hybrid technology rather than the
materials which already used [65].
Similar to the PIF process, the Hybrid Single Shot (HSS) method entails forming
and filling the thermoset sheet insert rather than the metal. However, the nature of the CF
prepreg also means that a curing stage is needed when using the HSS method. In addition,
the bonding between the CF/Epoxy and PP occurs without any adhesive or fastening, by
the tackiness of the prepreg and the heat flow of the molten polymer which is required both
for PIF and traditional joining processes. Therefore, a detailed investigation of the hybrid
single shot method feasibility, process optimization, degree of cure and mechanical
properties analysis, bonding strength and in-mold process parameters, and feasibility study
of implementing the existing numerical simulation are covered by this study. Although the
results of feasibility study were promising, excessive penetration, insufficient deformation,
and weak bonding did occur [66]. The next study entailed optimizing the process
parameters to overcome those challenges [67]. Using the optimization approach, the
excessive penetration was completely eliminated while inadequate deformation was still
observed at a lower pre-heating time, injection speed, and melt temperature. The authors
then examined the subsequent effect of the process parameters on the degree of cure,
flexural properties, and morphology of the final hybrid component. The results indicate the
vital role of the pre-heating time in both the degree of curing and flexural properties [68].
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Next, a detailed investigation is conducted to elucidate the bonding capabilities of
thermoset prepreg and injected thermoplastic in this hybrid manufacturing process and the
effect of in-mold process variables (cavity pressure and temperature).

2.2 Similar processes
The similarities of HSS method with the conventional forming and filling
techniques shown in Figure 2. 3. The main similarities between the overmolding and the
HSS is the inserting the material in a mold and overmolding to manufacture a hybrid
component. However, overmolding process does not involve the forming process. Instead,
preformed material is inserted into the cavity of the injection molding machine.
Thermoforming is a process that involve the forming and curing stages by the help of heat
and/or vacuum. Whereas the forming medium is a solid die. Thermoforming insert requires
secondary or even third operations to be able bond with a thermoplastic injection. PIF is
the most similar process with HSS technique. Here, the only difference is the insert material
is a CF prepreg instead of metal one. Hence, the curing stage is also involved due to the
nature of CF prepreg. In detail, the differences of overmolding, thermoforming, and PIF
processes over the HSS shown below:
Overmolding:
Zero pressure at melt flow front
Constant boundary conditions
No forming
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Thermoforming:
Uniform temperature distribution
Uniform hydrostatic pressure
No bonding

PIF:
No preheating stages
No pores on the sheet
No curing

Figure 2. 3: Similar process to HSS method with the conventional forming and filling techniques
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2.3 Summary of research gaps
Figure 2. 4 represents the thermo-chemical-mechanical interaction among the
process stages of hybrid single shot method. The complex interaction between the TP
injection, prepreg forming, TS curing, pre-heating, and TS-to-TP bonding leads to the
following fundamental research questions:
1) Knowing the pressure and flow of the injected TP, what is the mechanism of the
prepreg deformation considering the effect of the preheating stage and structure of
the prepreg?
2) What is the effect of preheating stage on the simultaneous filling/forming phase of
the process?
3) What is the influence of the preheating stage and injection parameters on the curing
condition of the prepreg?
4) What is the mechanism of the bonding between the TS-prepreg and TP considering
the preheating condition and all the parameters of the forming and injection
processes?
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Figure 2. 4: Thermo-chemical-mechanical interaction among the process stages of HSS method

Hence, the research gaps are listed below in order to address the research questions:
Research Gap-1: A feasibility study needs to be conducted to investigate the
technical requirements of this integration and clarify the fundamental knowledge gaps
Research Gap-2: No direct investigation and optimization have been done to
mitigate the practical issues in this process such as penetration and poor deformation.
Research Gap-3: Several interactions can be recognized for this hybrid process
that are not completely covered by the existing knowledge in similar processes.
Research Gap-4: There are no analytical models or numerical tools to simulate
this process considering these interactions.
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CHAPTER THREE
3. AIMS AND ORGANIZATION OF THE WORK

The main purpose of this study was developed and explored the fundamental
knowledge of Hybrid Single Shot (HSS) method to manufacture TS/TP hybrid component
in a single operation. In specific, the feasibility of this process, process optimization,
thermal and mechanical properties, and bonding capabilities investigated both by
experimental, and numerical approaches. The detailed conclusion of each chapter
discussed below:

Chapter 4: In this chapter, a new concept technology is introduced for the manufacturing
of a hybrid component made of prepreg thermoset sheet and injected thermoplastic in a
single integrated operation. This integration not only saves energy by the elimination of
the additional processes and machinery but also reduces the total energy consumption by
using the heat of the injected polymer melt to form and cure the prepreg sheet. Hence, the
proposed production method for TS-TP hybrid structures is an outstanding example for the
sustainable manufacturing process as the energy efficiency of a process is one of the key
indicators of its sustainability. Given that this attempt is the first to integrate these two
processes, several demonstrator samples are manufactured to investigate the feasibility of
the process and its possible practical difficulties. The effect of the process parameters of
holding time, blank holder force, and injection rate on the penetration of the polymer melt
and deformation of prepreg are also investigated experimentally. Finally, the curing
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condition of prepreg in this hybrid process is evaluated numerically via Moldflow®
simulations.
Chapter 5: Here, the focus of this study is to optimize preset and process parameters to
eliminate the penetration issue stated at chapter 4 while enhancing the formability and
joinability of the CF/Epoxy-PP hybrid component. Therefore, the effect of the blank holder
force, pre-heating time, injection temperature, and injection speed on polymer penetration
and prepreg sheet deformation were investigated experimentally.
Chapter 6: The focus of this chapter is not only to investigate the effect of the pre-heating
time, injection temperature, and injection speed on polymer penetration and prepreg sheet
deformation but also to identify the influence of these process parameters on prepreg
degree of cure, and mechanical properties and morphology of final hybrid component.
Chapter 7: The purpose of this chapter is to evaluate the effect of pre-heating time,
injection temperature, and injection speed rate on the bonding strength between the
CF/Epoxy prepreg and PP, using the hybrid single shot method. The data obtained from
the sensors are also used to examine the alteration and influence of the pressure and
temperature in the mold cavity to the bonding strength.
Chapter 8: The experimental results presented in the previous chapters have revealed that
the final geometry of the hybrid part is highly dependent on the preheating conditions and
pressure field applied on the prepreg sheet during the injection phase. The pressure
distribution is then a function of selected polymer, process settings, and most importantly
of the geometry of the flow channel. To model the forming of the prepreg sheet due to this
non-uniform pressure field, it is essential to couple all the physical events occurring inside
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the cavity. In this chapter, to have a better understanding on the effect of interaction
injection, forming and curing on the final geometry of prepreg sheet, a quick yet accurate
simulation of the HSS process considering the non-uniform pressure distribution of melt
flow and prepreg sheet deformation behavior is presented based on a new experimentally
calibrated numerical approach
Chapter 9: Finally, a summary of the discussed results in each chapter along with future
work is presented as the conclusions and outlook of this work.
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CHAPTER FOUR
4. FEASIBILITY STUDY FOR MANUFACTURING CF/EPOXY –
THERMOPLASTIC

HYBRID

STRUCTURES

IN

A

SINGLE

OPERATION

CF/Epoxy sheet with injected thermoplastic is a hybrid structure that combines high
mechanical properties of thermoset composite with the toughness and complex geometries
of injected thermoplastic into a single component. To overcome the high cycle time and
production cost associated with the manufacturing of such hybrids, this chapter undertook
a feasibility study for developing an integrated technology for the manufacturing of
thermoset CF/Epoxy prepreg sheet and injected thermoplastic polypropylene. First, several
demonstrator parts were manufactured to elucidate the effect of the process parameters on
the process performance and the appearance of the final hybrid component. Then, to have
a better understanding about the curing condition of prepreg sheet during this hybrid
process, a set of numerical simulation was conducted to study the relationship between the
initial pre-set machine parameters (i.e., holding time, and injection speed rate) on the
temperature distribution and history of the prepreg sheet. The results show that the
proposed technology is capable of manufacturing hybrid components in a single operation
under different process and design conditions.

25

4.1 Experimental investigations
4.1.1 Experimental setup and manufacturing approach

The experimental setup used for this study and detailed in Figure 4. 1 is composed
of a controlled temperature oven and an injection molding machine (Engel VC 200/30)
with a specialized mold. The mold has been designed to allow clamping the heated prepreg
and the simultaneous undertaking of molding, forming and curing operations. The mold
design also has a special mechanism for the independent application of the Blank holder
force that is much lower than the preset clamping force on the injection machine, thus
drawing the blank into the cavity and preventing any prepreg rupture. The manufacturing
approach and the specific sequences of the hybrid processing used to inject the polymer
and processed the prepreg is illustrated in Figure 4. 1. The preheating of the prepreg sheet
within the oven begins the process, with a preheating time that is lower than target curing
time to prevent completion of the crosslinking reactions prior to sheet placement in the
injection mold. Note also a lower required preheating time given that the prepreg sheet is
in the B stage (partially cured phase). The preheated sheet is immediately inserted and
secured to the stationary side of the mold, and the mold halves are closed to apply the
clamping force on both halves and the blank holder force on the insert in between. The
molten polymer is then injected into the cavity, and the prepreg is drawn and formed into
the shape of that cavity. The form is then held and cooled to gradually reduce the
temperature. The temperature and pressure inside the cavity are used to maintain the curing
condition of the prepreg sheet, which begins at the mold closing stage. Upon cooling, the
completed hybrid component is ejected and left to cool to room temperature.

26

Figure 4. 1: Schematic of experimental setup and manufacturing procedure

4.1.2 Materials

A continuous fiber-reinforced and epoxy pre-impregnated sheet of the type Fiber
Glast 3K, 2x2 Twill Weave Carbon Fiber was selected for the thermoset component. The
characteristics of its fabric, resin and curing condition based on the supplier’s data sheet
are shown in Table 4.1.

Table 4.1: Specifications of CF/Epoxy Prepreg (Fiber Glast 3K, 2x2 Twill Weave Carbon) Carbon Fiber
Properties

Warp & Filling (3K–Multifilament
Continuous Tow)

Neat Resin Properties

Cure Condition

Fabric Areal 200 g/m2
Weight

Density
(g/cc)

Target
Temp.

1.21

27

Hold For

Nominal
Thickness

0.3 mm

Tg (G” DMA 124 °C
curve)

154°C

1 Hour

Tensile
Strength

4205-4412 MPa

Tensile
Modulus

2.8 GPa

143°C

2 Hours

Tensile
Modulus

230-240 GPa

Tensile
Strength

79.0 MPa

132°C

4 Hours

These prepregs are easy to handle and can be stored, shipped and processed at room
temperatures. Three cure cycles are recommended, all of which produce similar properties.
This material was selected as the insert given its high mechanical properties, good
tackiness, and drapability. The MFC-021 from Advanced Composites, Inc. is the injected
polymer of choice. It is a thermoplastic olefin compound of Polypropylene, rubber, and
talc as its filler and is an impact-resistant and easy processable Polypropylene compound
with a melt flow rate (MFR) of 29 g/10 min. The abundance of MFC-021, resistance to
heat and chemicals, good rigidity, and high ductility make it our selected material of choice
for overcoming the low fracture toughness of carbon fiber prepreg. The use of this material
in automotive parts such as bumpers, side sill, and dashboard components also informed
our selection.

4.1.3 Experimental procedure

Four layers of 120×120 mm prepreg sheet were stacked prior to preheating to
prevent the penetration, and the preheating temperature kept constant at 150 oC at a
duration of 15 minutes per the supplier data sheet. The cooling time and injection volume
were also set constant to 40 seconds and 34 cm3, respectively. The holding time, injection
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rate, and blank holder parameters were investigated to determine the prepreg sheet
deformation and reduce the polymer melt penetration into the other side of the prepreg
stacked layers (see Table 4.2 for the variation of the process parameters used per
experiment). Prior to the insertion of the heated prepreg into the mold, a layer of wax is
applied to the stationary side of the mold to ease the release of the final hybrid part from
the mold. The process sequences were again followed as detailed earlier in Figure 4. 1.
Table 4.2: Design of Experiments for the Feasibility Study

Sample

Holding
time
(sec.)

Injection
3

rate(cm /sec.)

Blank
holder
force
(kN)

1

5

2

3

2

5

2

1

3

5

5

3

4

5

5

1

5

5

10

3

6

5

10

1

7

10

2

3

8

10

2

1

9

10

5

3

10

10

5

1

11

10

10

3

12

10

10

1

4.1.4 Experimental results and discussion

Several demonstrator parts were manufactured for purposes of elucidating the
effect of the holding time, injection rate, and blank holder force on the process performance
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and the appearance of the final hybrid component. The variations of these process
parameters are listed in Table 4.2, and a sorted array of these demonstrator samples are
shown in Figure 4. 2. Note the interaction of the injection rate and blank holder force on
the penetration of the polymer melt to the other side of the prepreg sheet. The results show
that there is an insignificant effect on polymer penetration when the polymer is injected
very slowly (2 cm3 /sec.) as the solidified layer on the surface of the prepreg has enough
time to grow and become a barrel against the penetration of the newly injected melt [69].
Nonetheless, by increasing the injection rate (to 5 and 10 cm3 /sec.) the blank holder force
plays a significant role in the prevention of the penetration. The prevention results from
the application of a lower blank holder force on the sheet in which the lesser resistance is
created to push against the injected polymer which lowers the pressures within the cavity
and lessens the penetration.
The packing time was the second parameter of study, which as demonstrated in
Figure 4. 2. exhibits almost no effect on the penetration when the lowest injection rate (2
cm3 /sec.) is selected. The thick layer of solidified polymer is the cause of this non-effect.
However, an increase in the injection rate to 5 and 10 cm3 /sec. extends the packing pressure
time thereby increasing chances of penetration, specifically in the corner of the cup-shape
region that is out of contact with the cavity.
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Figure 4. 2: The samples manufactured with HSS method

4.2 Numerical simulation
A primary objective of this study entailed elucidating the capability of this hybrid
process to provide suitable conditions for the curing of the prepreg. Given the overriding
influence of the thermal condition of the prepreg upon its curing condition (Table 4.1), a
numerical study was undertaken to elucidate the temperature distribution within the
prepreg sheet placed into the mold as an insert. Autodesk MoldFlow Insight® was used to
simulate the filling, packing and cooling stages of the proposed hybrid process. Next, for
both the thermoset prepreg sheet and injected polypropylene, a 3D-model was prepared
based upon the precise geometry and the dimensions of the experimental mold. The
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isometric and side views of the meshed models with overall dimensions are shown in
Figure 4. 3, where the finite element mesh was generated with 3D tetra elements.

Figure 4. 3: An illustration of the MoldFlow model and the overall dimensions

Here is the illustration of the cold flow system with a sprue gate at the center. Rather
varying both the injection rate and holding time based on the criteria in Table 4.2, the other
molding conditions are considered as identical in every simulation as listed in Table 4.3.
Table 4.3: The process settings used in the MoldFlow simulation

Parameter

Value

Melt

Mold

Velocity/pressure

Temperature

Temperature

switch at

200 °C

34.5 °C
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99 %

Cooling Time

40 sec.

The temperature history of the prepreg sheet in three different positions for different
combinations of injection rate and packing time within this continuous hybrid process is
shown in Figure 4. 4 (a-f). Note the similar shape of all the graphs that are characterized
by an initial increase and subsequent and gradual decrease. The initial contact of the hot
polymer melt with the prepreg is characterized by an increase in temperature followed by
solidification of the thin layer of melt that in turn covers the entire surface of the prepreg.
This solidified layer in turn acts as an insulator which results in a gradual decline of the
temperature of the prepreg, as is clearly indicated in each graph. Note also the general trend
in all figures of a noticeable decrease in temperature between the center and edge of the
cup-shape area, caused by the temperature of the initial melt at this point that is lower than
that at the prepreg center. The average cooling rate between 0.3 to 0.4 °C/sec observed for
all process parameters clearly demonstrates the influence of initial melt temperature and
the thermal properties of the TS and TP materials upon the prepreg temperature. Moreover,
a comparison of the prepreg temperature during the process reveals a deficiency of the both
the maximum temperature and the duration of the heating condition within the cavity in
terms of completing the curing stage of the selected prepreg. Therefore, either a post
heating stage must be added to the manufacturing procedure or a prepreg with a lower
curing temperature should be used as an insert. A shorter curing time must also be selected
to accomplish this hybrid process successfully.
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Figure 4. 4: The simulated part insert temperatures as a function of time
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CHAPTER FIVE
5. INFLUENCES OF PROCESS PARAMETERS ON PENETRATION IN
A HYBRID SINGLE SHOT MANUFACTURING OF CARBON
FIBER/EPOXY-POLYPROPYLENE STRUCTURE

This chapter details the creation of a hybrid material structure via the injection of
polypropylene with high ductility into a robust CF/Epoxy thermoset sheet. The purpose of
this hybrid method involved combining the inherent properties of both thermoset and
thermoplastic materials in a new hybrid structure while reducing the cycle time. The effect
of pre-heating time, blank holder force, injection temperature, and injection speed rate on
the deformation of prepreg and polymer penetration through prepreg sheets were evaluated.
The results of the experimental design based on the Taguchi L18 orthogonal array indicated
that the hybrid structures were manufactured with no penetration present in any
combinations of parameters.

5.1 Experimental Setup
Four layers of 120 x 120 mm prepreg sheets were stacked atop each other prior to
the preheating process to avoid the penetration of molten polymer through those sheets.
The optimal holding time, cooling time, and injection volume was set at 5 seconds, 40
seconds and 34 cm3, respectively. An examination of the blank holder force, pre-heating
time, injection temperature, and injection speed rate determined the effects on prepreg
sheet deformation and reduced the penetration of the polymer melt into the far side of the
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prepreg stacked layers. The Taguchi L18 orthogonal array approach was then used to
determine the process parameters by Minitab. It was determined from the experimental
designs used here that the BHF and injection speed parameters were identical with chapter
4 for evaluation with other parameters [66]. The application of three injection temperatures
(i.e. 170 oC, 190 oC, and 200 oC, respectively) were applied to evaluate the effect of the
injection temperature in the process. The prepreg sheets were preheated at 150 oC for 3, 5,
and 10 minutes prior to insertion into the mold. A layer of wax was applied to the stationary
side of the mold to ease the release of the final hybrid part from the mold prior to the
insertion of these preheated prepreg sheets.
Table 5.1: Design of Experiments for Process Optimization

#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

BHF (kN)
1
1
1
1
1
1
1
1
1
3
3
3
3
3
3
3
3
3

Pre-Heating
Time (min.)

Injection

o

Temperature ( C)

3
5
10
3
5
10
3
5
10
3
5
10
3
5
10
3
5
10

170
170
170
190
190
190
200
200
200
170
170
170
190
190
190
200
200
200
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Injection Speed
3

(cm /sec.)
2
2
5
5
5
10
10
10
2
10
5
10
2
10
2
5
2
5

5.2 Results and Discussion
Based on the design of experiments in Table 5.1, 18 different CF/Epoxy-PP
samples with three repetitions were manufactured in the hybrid single shot method to
enlighten the effects of blank holder force, pre-heating time, injection temperature, and
injection rate. As is clearly evident in the experimental results in Figure 5. 1: The samples
manufactured with this proposed procedure (with numbers 2,5, and 10 representing the
injection speed rate as a unit of cm3/sec.), no difficulties in penetration occurred. However,
some of the samples were characterized by inadequate deformation, and insufficient
adhesion issues at lower injection speed rates, pre-heating time, and injection temperature
variables.

Figure 5. 1: The samples manufactured with this proposed procedure (with numbers 2,5, and 10
representing the injection speed rate as a unit of cm3/sec.)
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Those created at higher injection temperatures, pre-heating times, and injection
speeds were superior in deformation capability without any associated penetration, the
cause of which was a reduction in the polymer fluidity at lower injection speed, and
temperature [70]. Also, a minor deformation at lower injection speed may possibly indicate
that the frozen layer of polymer on the surface prepreg sheet causes less deformation as it
has a low pressure [69,71]. Moreover, an insignificant effect on penetration, deformation,
and joining aspects at studied process parameters was the result of an increase in blank
holder force.
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CHAPTER SIX
6. DEGREE

OF

MORPHOLOGY

CURE,
OF

MECHANICAL
CARBON

PROPERTIES,

FIBER/EPOXY-PP

AND

HYBRIDS

MANUFACTURED BY A NOVEL SINGLE SHOT METHOD

Earlier chapters covered the thermoset/thermoplastic hybrid component into a
single operation and optimizing the preset and process parameters to eliminate the
penetration issue while enhancing the formability and joinability of the CF/Epoxy-PP
hybrid component. Here, the focus of this chapter is to investigate the effect of the preheating time, injection temperature, and injection speed on polymer penetration and
prepreg sheet deformation and also to identify the influence of these process parameters on
prepreg degree of cure, and mechanical properties and morphology of final hybrid
component.

6.1 Experimental setup
Four layers of 120 × 120 mm prepreg sheets were stacked atop each other prior to
the preheating process to avoid the penetration of molten polymer through those sheets.
The optimal holding time, cooling time, and the injection volume were set at 5 sec., 40 sec.
and 34 cm3, respectively. A constant blank holder force of 1 kN is also applied for all the
experiments. An examination of the pre-heating time, injection temperature, and injection
speed rate determined the effects on prepreg sheet deformation and reduced the penetration
of the polymer melt into the far side of the prepreg stacked layers. The Taguchi L9
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orthogonal array approach is then used to determine the process parameters by Minitab.
The process variables applied in this study are detailed in Table 5.1. It was determined
from the experimental designs used here that the injection speed parameters are identical
with chapter 4. The application of three injection temperatures (i.e., 170°C, 190°C, and
200°C, respectively) is applied to evaluate the effect of the injection temperature in the
process. The prepreg sheets are preheated at 150°C for 3, 10, and 15 min. prior to insertion
into the mold.

6.2 Experimental results
Based on the design of experiments in Table 6.1, 9 different CF/Epoxy-PP samples
with three repetitions were manufactured in the hybrid single shot method to elucidate the
effects of the pre-heating time, injection temperature, and injection rate. As is clearly
evident in the experimental results in Figure 6. 1: Experimental results of the proposed
model (the numbers 2,5, and 10 represent the injection speed rate as cc)., no penetration
observed among all these samples. However, some of the samples are characterized by issues of inadequate deformation and insufficient adhesion when injection speed rates,
shorter pre-heating time, and lower injection temperature applied. Samples created at
higher injection temperatures, longer pre-heating times, and higher injection speeds are
superior in deformation capability without any associated penetration, the cause of which
was a reduction in the polymer fluidity at lower injection speed and temperature [70]. Also,
a minor deformation at lower injection speed may indicate that the frozen layer of polymer
on the surface prepreg sheet causes less deformation as it has a low pressure [69].
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Table 6.1: Design of Experiments

#

Pre-Heating
Time (min.)

Injection
Temperature

Injection
Speed

( C)

(cm /sec.)
10

o

3

1

3

2

10

200

2

3

15

200

5

4

3

190

5

5

10

190

10

6

15

190

2

7

3

170

2

8

10

170

5

9

15

170

10

200

Figure 6. 1: Experimental results of the proposed model (the numbers 2,5, and 10 represent the injection
speed rate as cc).
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6.2.1 The degree of cure analysis

The degree of cure (DOC) is defined as the percentage of the re-leased reaction
enthalpy resulting in a partially cured prepreg over the total released reaction enthalpy if
the reaction would complete. DOC was calculated by:

DOC=(1-ΔH1/ΔH0) ×100%

(1)

where the ΔH1 (J / g) is the residual reaction enthalpy of a partially cured prepreg that is
released and measured by conducting Differential Scanning Calorimetry (DSC, Q2000, TA
instrument) with a heating rate of 20°C/ min from 40 - 250°C; the ΔH1 (J / g) is the reaction
enthalpy of the as-received (uncured) prepregs measured similarly. The mass of the epoxy
resin portion (m) in the prepreg, as the input when calculating the ΔH1 and the ΔH0, is
determined by a pyrolysis process after the DSC measurement. Briefly, the lid of the
hermetic pan was broken by an ordinary blade followed by a pyrolyzing process. The
pyrolysis condition in our study, i.e., 500°C for 80 min under airflow, was determined
according to the results of TGA as say, as will be detailed in the next paragraph. The mass
of the epoxy resin is then calculated by:

m=m1-m0,

(2)
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where m1 and m0 are the mass of DSC pans (with samples) before and after the pyrolysis,
respectively. The obtained mass of the epoxy (m) was then used to recalculate ΔH1 and
ΔH0 based on the DSC curve and gave the real value ofΔH1andΔH0to determine the DOC.
To determine the pyrolysis condition, the thermogravimetric analysis (TGA, Q5000, TA
instrument) of the as-received prepreg as well as the neat carbon fiber (extracted from
prepreg with chloroform) was conducted. The TGA thermograms are shown in Figure 6.
2-a and Figure 6. 2-b. The non-isothermal and isothermal TGA were then conducted. The
prepreg exhibits a typical multi-step degradation (Figure 6. 2-a), associated with the
exothermic event of the epoxy resin [72]. However, no notable mass reduction is observed
below 600°Cfor the neat carbon fiber, suggesting the degradation of the epoxy is
responsible for the mass loss below 600°C. Figure 6. 2-b represents the results of the
isothermal TGA, in which a plateau of the residual mass was reached after 60 min.
pyrolysis at 500°C, implying the completion of the degradation of the epoxy portion. As a
result, the pyrolysis condition was set at 500°C for 80 min. under air flow to obtain the
accurate mass of the resin portion in the prepregs and in turn, calculate the degree of cure.

Figure 6. 2: a) TGA of neat CF and Prepreg b) TGA of neat Prepreg
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An evaluation of the effects of pre-heating time and injection temperature on the
degree of cure of prepreg is detailed in Figure 6. 3, showing DSC thermograms of the
prepregs after 3, 10, and 15 min preheating treatment at 150°C. As can be seen, the epoxy
curing reaction occurs at the temperature above 125°C. The area under the DSC curve
shrinks upon the extension of the pre-heating treatment suggesting the reduction of the
residual reaction heat that can be released. It is then possible to estimate the DOC under
various processing conditions based on the DSC results according to Eq. (1).

Figure 6. 3: Comparative DSC analysis of neat prepreg and pre-heated prepregs

The effects of the preheating time on the DOC of the prepreg is detailed in Figure
6. 4-a. Unsurprisingly, an increase in the pre-heating time results in a gradual increase in
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the degree of cure with a DOC before injection calculated as 47, 70, and 78% at 3,10, and
15 min of pre-heating times, respectively. The obtained heat-treated prepregs are
subsequently used for the hybrid injection molding. Effects of the melt temperature and
preheating time on the DOC of the finished products were presented in Figure 6. 4-b.

Figure 6. 4: a) The degree of cure before injection b) Degree of cure after injection

A comparison of the processing temperature (melt temperature) indicates that the
DOCs of the product are primarily determined by the preheating time with a slight increase
in DOC observed with the application of a lower injection temperature. An in-crease in
that injection temperature from a low to medium range (170−190°C) results in a
correspondingly moderate increase in DOC. The highest level of DOC occurs with the
highest injection temperature, as indicated by a series of 15 min preheated samples with a
200°C injection temperature, which reached around 86%. Given that the absence of
redundant post-heating treatment is one of our ultimate goals in terms of efficient
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processing, a long pre-heating time of at least 15 min. is preferable. However, such preheating leads to a DOC in excess of 80%, accompanied by an increased stiffness and a
decreased tackiness. Therefore, a balanced preheating time and an injection temperature
should be carefully chosen, the method of which is dis-cussed in the following section.

6.2.2 Flexural testing

A three-point flexural test was then conducted to investigate the effect of process
parameters on the mechanical properties of the final hybrid CF/Epoxy prepreg-PP
structure. Four layers of prepreg sheets were pre-heated and inserted inside a plaque shape
cavity with a dimension of 170 × 80 mm. They were then overmolded by the PP using the
parameters given in Table 6.1 to mimic the actual experiments. The final plaque shape after
the injection stage was completed is shown in Figure 6. 5. This process was followed by
the cutting of rectangular bending specimens with dimensions of 140 × 22 × 3 mm from
the plaque shape. The bending test was conducted according to the ASTM D790-17
standard to calculate the ultimate flexural strength and flexural modulus using Eq.s (1) and
(2) respectively.

3𝑃𝐿

(1)

𝜎𝑓 = 2𝑏𝑑2

Where P is the load at a given point, L is the support span, b is the width of the beam, d is
the depth of the beam, mm

𝐿3 𝑚

(2)

𝐸𝛽 = 4𝑏𝑑3
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Figure 6. 5: Bending specimens manufacturing sequences

and m is the slope of the tangent to the initial straight-line portion of the load-deflection
curve. However, these associations have been derived based on a single homogenous
material, the use of which is accurate enough for comparison for hybrid structures [73].
Given the flexible nature of the carbon fiber prepreg sheets before processing, the results
of the three-point bending test specifically demonstrate the curing condition of the epoxy
and the bonding strength between the sheets and the injected polymer. The flexural strength
of the studied samples is shown in Figure 6.6 where sample numbers 170, 190, and 200
represent the neat PP under the injection temperature of 170°C, 190°C, and 200°C
respectively. Sample named CF represents the four layers of CF/Epoxy prepreg which is
cured for 60 min at 150°C. While the sample numbers 1–9 illustrates the hybrid final
components based on the DOE given in Table 6.1. Figure 6.6-a shows that four layers of
CF/Epoxy has the highest flexural strength as compared with neat PP and the hybrid
components. Likely, Figure 6.6-b demonstrates that ultimate flexural strength of four layers
of CF/Epoxy is more than three times of that of the strongest hybrid component, Sample
3, which was created under highest pre-heating time and injection temperature. On the
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other hand, the ultimate flexural strength of the sample 3 reached around four times of that
of the neat PP. Similar trend was observed in the comparison of the flexural modulus
(Figure 6.6-c), showing that the incorporation of the CF/Epoxy layer significantly
enhanced the modulus of the PP test coupons, however less than the CF/Epoxy that has
more than 1000-times-highflexural modulus (437 GPa) than that of hybrid Sample 3. It is
worth noting that, the considerably high flexural properties of the CF/Epoxy is due to its
much less thickness than the hybrid and pure PP samples (1.2 mm vs. 4 mm). Such high
flexural properties of CF/Epoxy prepreg was successfully inherited to our hybrid
components, leading to a substantial increase in the flexural properties.

Figure 6.6: a) Flexural stress-strain curve b) Ultimate flexural stress of manufactured samples c) The
flexural modulus of manufactured samples
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Among the hybrid components, a lower flexural strength is observed in those
samples pre-heated for three minutes due to the low DOC-induced insufficient bonding,
resulting in the CF mesh delamination during the test. An improved curing condition is the
cause of the in-crease in strength with an increase in pre-heating time from three to 10 min.
Most notably, an increase in the injection temperature led to an enhancement in ultimate
flexural strength. Such an increase affects both the curing and bonding conditions as the
polymer melt with higher temperature provides more heat for the curing process and has a
lower viscosity to better penetrate the prepreg sheet with a consequently improved bonding
condition. The effect of the injection speed is also the cause of the greater strength of
sample 5 as opposed to samples two and six, indicating that a higher injection rate leads to
a lower viscosity due to the thinning effect and temperature-dependence of the polymer
melt that yields improved penetration and bonding. Similarly, a flexural modulus shows a
similar pattern with the flexural strength as shown in Figure 6.6-c. An increase in the preheating time, injection temperature and speed increase the stiffness of the final product.
Further, if the preheat temperature is not adjusted properly (Sample 1, 4 and 7), the stiffness
of the hybrid part is reduced to a value even less than the reference samples (neat PP). This
stiffness reduction is attributed to insufficient preheating time which eventually leads to
inadequate curing of the prepreg sheet and its week bonding to the injected polymer. As
the prepreg sheet was not cured enough to carry the bending load, the injected layer of PP,
which is thinner in the hybrid part than the neat PP part, was the only section that resisted
against the load. This results clearly demonstrated that proper configuration of the
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preheating sequence is critical for reinforcing the hybrid part produced by this integrated
manufacturing process.

6.2.3 Analysis of taguchi S/N ratios

In this study, the Taguchi L9 orthogonal array is employed based upon the design
of the experimental variables given in Table 6.1. Minitab18 software was used to examine
the effect of pre- heating time, injection temperature, and injection speed on flexural
strength, flexural modulus and degree of cure. The Taguchi method was next used to
specify the quality of the characterization and to calculate the signal-to-noise (S/N) ratio.
Here, the signal represents the mean value of the output values while the noise indicates
the standard deviation values [73]. In Minitab18‘the larger-the-better’ objective function
is applied to minimize the standard deviation given the expected increase in the chosen
process parameters that results in a higher degree of flexural properties and degree of cure.
The main effects of the plot of the pre-heating time, the injection temperature, the injection
speed for the flexural modulus, flexural strength, and degree of cure are detailed in Figure
6. 7.
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Figure 6. 7: Main effects plots for a) Flexural Strength b) Flexural Modulus c) Degree of Cure

It can be concluded that pre-heating time has a vital effect on both the flexural
properties and the degree of cure. It can be seen from all the graphs that an in-crease in the
pre-heating time from 3 to 10 min. greatly increased the flexural properties, and degree of
cure while an increase from 10 to15 min. resulted in a relatively smaller effect. The reason
for this discrepancy is that a much more significant gap is present at lower pre-heating
times for curing the remaining uncured epoxy. Although no significant effect of the
injection temperature upon the flexural properties is observed as compared to the preheating time, the influence of the injection temperature upon the degree of cure is
noticeably higher than the flexural properties. The curing degree of the prepreg in turn
increases with an increase in the polymer fluidity which is the result of an increase in
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injection temperature. Further, although a similar pattern of the flexural properties was
observed with this escalation of the injection speed, the effect of this higher injection speed
was more significant under curing conditions. While no significant effect on the degree of
cure was observed with this low-to-medium increase in injection speed, variations at the
higher injection speeds did indeed increase the degree of cure.

6.2.4 Scanning electron microscopy (SEM) analysis

The sagittal cross-section of the samples was investigated via Scanning Electron
Microscopy (SEM, Hitachi 3400). As indicated in the top center, edge, and the prepreg-PP
interface region, respectively shown in Figure 6. 8, the effects of the processing conditions
on the con-formability of the prepregs conformability are clearly evident. The low
interfacial adhesion and low fabric flexibility is the possible catalyst behind the fabric
debonding from the PP at the edge region, as shown in Sample 1. However, this debonding
occurs under the processing conditions of a short pre-heating time, and a high injection
temperature and injection speed. Given these conditions, a prepreg with a low DOC was
used with a substantial extent of the reaction undertaken during the shot with a 12%
increase in DOC the result of this injection molding (as shown in Figure 6. 4-b). This low
DOC of the prepreg that greatly in-creased the flexible morphology of the fabric does
indeed result in deformation. However, the curing reaction ( ̃15%) undertaken high
pressure may create adhesions between these two phases and thus result in a good product
yield as shown in Sample 1. An insufficient in-mold curing led to debonding once the mold
opened, as shown in Sample 4 and Sample 7, which were both processed under low
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injection molding temperatures (190°Cand 170°C), and which are characterized by the
occurrence of a marginal in-mold curing (Figure 6. 4-b).

Figure 6. 8: SEM images of regions at top-center, edge, and prepreg-PP interfacial regions on a sagittal
section

The fabric dent printed upon the PP side, as shown in the side view of sample 4 in Figure
6. 8, indicates this occurrence. A high-speed injection rate is essential for deformation
indicated by SEM samples 1,5, and 9 in Figure 25, all of which represent the experiments
with the highest injection speed rate (10 cc). Note the interfacial gap between the prepreg
sheet and PP in the top center in all of these experimental results. Note also greater
deformation height in sample 1and 5, both of which are characterized as greater than
samples created with the other process variables, which are the result of an increase in
pressure with a corresponding increase in injection speed.
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CHAPTER SEVEN
7. AN INVESTIGATION INTO BONDING CONDITIONS OF CF/EPOXY
– PP HYBRID STRUCTURES MANUFACTURED BY HSS METHOD

The hybrid single shot method is a novel manufacturing technique which permits
the formation and bonding of CF/Epoxy sheet with the injected thermoplastic in a single
injection process. This process has shown great promise in overcoming the deficiencies of
traditional hybrid structure manufacturing methods through reduced cycle time, energy
consumption, tools, and machinery cost which are of the utmost concerns to automakers.
In this process, polypropylene (PP), which is widely used in automotive applications such
as bumpers, dashboards, side-sills, is injected over the pre-heated CF/Epoxy prepreg insert.
This CF/Epoxy prepreg also shows great potential for enhancing the mechanical properties
of the hybrid component. The insert material is formed by the means of melt pressure and
bonded to the injected PP via the advantageous use of polymer heat and the prepreg
tackiness. However, identifying the bonding capability of this hybrid component to ensure
the final part quality is also most important. Therefore, in this chapter a lap shear test was
undertaken to evaluate the bonding strength between these two materials. Further, the
effect of the in-mold process variables obtained through sensor data was also examined as
given the significant role of both the cavity pressure and temperature in the bonding
condition of the final hybrid part.
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7.1 Experimental Setup
The experimental setup used for this study consists of the oven, injection molding
machine (Engel VC 200/30), a specialized mold, an in-mold sensor, and a data acquisition
system. The details of the specialized mold design used in this study are show in Figure 7.
1. A sheet metal blank located on the A side of the mold allows an independent blank
holder force rather than a direct clamping force to ensure the deformation of the insert
material. Two pressure and temperature sensors are mounted at the A side of the mold, and
a pressure sensor is located at the center cavity B of the mold to capture the actual in-mold
variables.

a)

b)

Figure 7. 1: a) Specialized mold design before filling b) After filling/forming
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7.2 Results and Discussion
7.2.1 Bonding Conditions

A lap shear test was next conducted as per ASTM D5868 to examine the bonding
strength between the prepreg sheets and polypropylene. This test requires the assembly of
a tensile specimen by a CF sheet and PP bar with a known overlap region, with the lap
shear strength derived from the maximum load divided by this overlap. To prepare the lap
shear specimen, four layers of prepreg sheets are first stacked on top of each other and then
trimmed to the shape of half of a dog bone (divided at the neck). The samples are then preheated for a certain duration (i.e., 3,10, and 15 min) according to the experimental design,
followed by insertion of the pre-heated CF/Epoxy prepreg specimen into the mold cavity.
The PP is then injected to yield a tensile bar with half of its one side covered with a carbon
fiber sheet. After the injection molding process, a groove is made at the PP section of the
sample that extends till the CF section to ensure CF peeling. In Figure 7. 2 the detailed
figure of the excised region is shown.
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Figure 7. 2: a) Process sequences of lap shear specimen manufacturing b) Cut point for a lap shear test

An Instron Universal Testing Machine is then used to examine the specimens, under
a 100 kN load cell at a speed of 13 mm/min. Five specimens were used for each process
condition as detailed in Table 6. The results of the average max bonding strength of the
specimens is detailed in Figure 7. 3, which is based upon the experimental designs detailed
in Table 6. As illustrated in Figure 7. 3, the low bonding strength is observed in Samples 4
and 7 where the pre-heating is lowest. A cross-sectional view of the samples in Table 6 is
also confirmed from the evidence of the insufficient sample deformation and debonding at
the edge of the components. However, the other shortly pre-heated sample (sample 1)
exhibits a greater bonding strength than these samples due the high injection temperature
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and speed rate. The bonding strength shows an incremental trend among the samples at the
same injection temperature (1-3, 4-6, 7-9) with an increase in pre-heating time. The only
exception for this trend was evident in Sample 5, which has a higher injection speed rate
than either Samples 4 and 6. Such a discrepancy may well explain the thinning effect of
the high injection rate that causes a lower viscosity which improves bonding. Similarly,
reduction in the injection temperature tends to decrease the bonding strength due to the
enhanced polymer viscosity. However, a comparison of Samples 6 and 9 indicates a
reduced effect of the injection temperature over the injection rate. Here, the bonding
strength of Sample 9 was greater than Sample 6 even though characterized by a lower
injection temperature.

Figure 7. 3: Max. average bonding strength of manufactured specimens
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7.2.2 Taguchi S/N ratio analysis

The Taguchi L9 orthogonal array is applied to quantify the effect of process
parameters on bonding strength based on the lap shear results. Minitab 18 software was
used for this evaluation. In Figure 7. 4 the bonding strength alteration with respect to the
pre-heating time, injection temperature, and injection speed rate is detailed.

Figure 7. 4: Main effects plots for bonding strength

Although a short pre-heating time (<10 min) results in good drapability to the
contour of the plastic core, the incomplete curing of the impregnated epoxy resin of the
prepregs greatly reduces the generated bonding strength. Although this low adhesion
causes debonding, as seen in the pictures in table 6, a further increase in the pre-heating
duration (from 10 to 15 min) does not promote the bonding strength significantly, probably
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as the degree of cure reaches a limit. In addition, the positive correlation between the melt
temperature (injection temperature) and the bonding strength suggests the existence of
possible in-mold curing reaction promoted by the polymer melt with higher temperature.
Further, high injection speed is a favorable factor to the bonding strength, the result of
which is hypothesized from the higher pressure generated. The correlation between the
injection speed and the pressure derived from that speed was investigated through the use
of an in-mold sensor. The results of that investigation are discussed below.

7.2.3 In-Mold Variables

In Table 7.1, the experimental design used in this study is detailed, which is based
on the Taguchi L9 orthogonal array, along with the cross-sectional view of experimental
results based on the variables in that table.
Table 7.1: DOE and the Cross-Sectional View of the Experimental Results

#

1

#
PreHeating
Time
(min.)
1

Injection
Temperature
°
( C)

Injection
Speed (cc)

3

200

10

2

2
10

200

2

3

3
15

200

5

3

190

5

5

5
10

190

10

6

6
15

190

2

4

4

60

A cross-sectional view of
experimental results

7

7

3

170

2

8

8
10

170

5

9

9
15

170

10

The maximum pressure captured by the sensors at the post-gate (P1), end-of-flow
(P2), and center of the cavity (CCP) was charted for all the experiments as shown in Figure
7. 5. In the graph, sample numbers 1-3, 4-6, and 7-9 classified as those samples with
injection temperatures of 200, 190, and 170 °C, respectively. The pre-heating time for all
groups follow the array of 3, 10, and 15 minutes while the injection speed rates (2,5,10 cc)
are stated individually for each group.

Figure 7. 5: Maximum pressure at P1, P2, and CCP locations
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The significant difference of CCP compared to the pressure measured at two other
locations (P1 and P2) is attributed to the CCP sensor measurements of the contact pressure
applied by the prepreg. Specifically, this difference was from the greater concentration of
force of the prepreg sheet upon the sensor tip due to the deformation geometry in that
region. Regardless of the injection speed and melt temperature, the maximum pressure is
mostly captured in the experiments with 10 minutes preheating time, with minor
exceptions. This observation demonstrated that 10 minutes preheating was sufficient to
adequately stiffen the prepreg sheets, whereas the longer preheating time caused excessive
stiffness on the prepreg, with a subsequent pressure drop from the melt flash and/or
insufficient deformation issues. Irrespective of preheating time and injection speed, an
overall higher level of the pressure was measured in the experiments with a 190 °C melt
temperature, attributed to the adequacy of the selected polymer viscosity at this temperature
to move the deformation to the final stage which requires a higher cavity pressure. No trend
was observed in the cavity pressure regarding the variation of injection speed. It is
hypothesized that this variation was not large enough to cause a pressure variation owing
to the dynamic characteristic of the melt flow.
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Figure 7. 6: Maximum temperature at T1 and T2 locations

The maximum temperature measured by sensors located at both the post-gate and
end-of flow locations is shown in Figure 7. 6 for all experiments. In the graph, sample
numbers 1-3, 4-6, and 7-9 are classified as the samples with the injection temperature of
200, 190, and 170 °C, respectively. The pre-heating time for all three groups follow arrays
of 3, 10, and 15 minutes respectively while the injection speed rates (2,5,10 cc) are stated
individually for each group. It should be noted that the temperature sensors cannot directly
be used to measure the melt temperature as a layer of solidified polymer covers the sensor
tips as soon as they make contact with the polymer melt. Further, this layer prevents the
heat of the melt from being completely reflected on the sensor. Hence, the temperature
captured by the sensors demonstrates the mold temperature at that point, which is a function
of the melt temperature, cavity pressure, and cooling condition. As the cooling condition
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is reasonably identical for all the experiments in this study, the melt temperature and cavity
pressure exhibit the greatest contributions to the variation shown in Figure 7. 5. Hence, it
is clear that the mold temperature is higher in the experiments caused a higher level of
pressure within the cavity, especially contact pressure at the center. The correlation of the
mold temperature with cavity pressure was also reported in our previous study on the
hybrid process of sheet metal forming-injection molding [74]. Note also in Figure 7. 6, that
the level of temperature in the experiments conducted with a melt temperature of 190°C
and 200°C is greater than those experiments with a temperature of 170°C, clearly
demonstrating the effect of melt temperature on the mold temperature. Similar to the
pressure results, no noticeable trend was observed by the temperature sensors with respect
to the variation of injection speed. Specifically, the difference in injection time from the
variation of injection speed was insufficient for creating a significant melt temperature
upon penetrating the cavity.
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CHAPTER EIGHT
8. DEVELOPMENT OF A NUMERICAL SIMULATION FOR HSS

The experimental results presented in the previous chapters have revealed that the
final geometry of the hybrid part is highly dependent on the preheating conditions and
pressure field applied on the prepreg sheet during the injection phase. The pressure
distribution is then a function of selected polymer, process settings, and most importantly
of the geometry of the flow channel. To model the forming of the prepreg sheet due to this
non-uniform pressure field, it is essential to couple all the physical events occurring inside
the cavity. To have a better understanding on the effect of interaction injection, forming
and curing on the final geometry of prepreg sheet, this chapter presents a quick yet accurate
simulation of the HSS process considering the non-uniform pressure distribution of melt
flow and prepreg sheet deformation behavior based on a new experimentally calibrated
numerical approach.
8.1 Modeling approach
The thermo-chemical-mechanical interaction between polymer melt flow, Prepreg
sheet deformation and epoxy curing makes the modeling of this hybrid process extremely
challenging. Even with advances in simulation tools related to multi field/physics analysis,
the modeling of this triple interaction cannot be carried out by the available commercial
codes. Therefore, in this work, a simplified yet accurate modeling approach is developed
to simulate the deformation of the prepreg as one of the important aspects of the HSS
process.
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Although the thermal condition inside the cavity play a significant role in the curing
and bonding of the prepreg sheets, our initial melt flow simulation in chapter 4.2 showed
that the temperature of the prepreg remains uniform during the injection phase (especially
in high injection rates). As a result, only the mechanical interaction of the melt flow and
prepreg sheet is considered here and the effect of the thermal condition is imposed through
its effect on the melt pressure distribution.
The melt pressure distribution is determined by an analytical model which is
calibrated based on the data captured by the embedded sensor from each experiment. The
calculated pressure fields are then transferred to the Abaqus FE simulation model to
analyze the deformation of the prepreg sheet for different preheat times, melt temperatures
and injection rates.
The assumptions considered in this chapter to model the polymer melt flow and
prepreg sheet deformation can be listed as following:
-

The equation of the motion for the polymer melt flow is formulated assuming
isothermal and quasi-static conditions.

-

The axial component of the velocity field is neglected due to a low cavity depth
(maximum 6 mm) in the experimental setup.

-

Due to the axisymmetric geometry and loading conditions of the problem, the
developed model for both melt flow and prepreg deformation are 2D models, i.e.
angular variations are neglected.

66

-

A constant coefficient of viscosity is considered during the injection phase. However,
the effect of this simplification is compensated in each experiment by calibrating this
coefficient using the actual pressure captured by the sensors.

-

No-slip condition is assumed for polymer-cavity wall and polymer-sheet boundaries.

-

The forming behavior of the prepreg sheet is modeled based on the results obtained
from tensile test considering isothermal and isotropic conditions.

-

A constant coefficient of friction is considered for all contacts between the prepreg
sheet and the tool parts.

8.2 Experimentally calibrated pressure field
In this work, the melt flow geometry can be considered as a thin circular disk as
shown in Figure 8. 1. The molten polymer is injected from the center through the
designated sprue gate and then flows radially to form the prepreg and fills the cavity.
According to Figure 8. 1 the disk has a thickness of H and the outer radius of RD. The
radius of the gate and pressure at this position are denoted by RG and PO respectively. The
polymer also flows with an injection rate of Q which is one of the variable parameters in
this study.
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Figure 8. 1: Schematic of melt flow considering a center-gated cavity

Neglecting the angular component of flow due to axisymmetric conditions and
assuming polymer melt as a Newtonian fluid, the continuity equation and equation of
motion for the radial flow illustrated in Figure 8. 1 are given as Eqs. (8.1) and (8.2)
respectively. Here z is the axis that passes through the gate located at the center of the
cavity and r is the radial distance from the z axis.
1 𝜕
𝑟 𝜕𝑟

(8.1)

(𝑟𝑣𝑟 ) = 0

1 𝜕

− 𝑟 𝜕𝑟 (𝑟𝜏𝑟𝑟 ) −

𝜕𝜏𝑧𝑟
𝜕𝑧

+

𝜏𝜃𝜃
𝑟

𝜕𝑝

− 𝜕𝑟 = 0

(8.2)

As mentioned earlier, the melt flow is modeled assuming isothermal conditions. As
it is impossible to determine an exact analytical solution for Eq. (8.2) considering nonisothermal conditions, an isothermal solution based on the generalized Newtonian fluid
relations between the stress and the velocity field is here considered [69, 75].

r component:

𝜕𝑃
𝜕𝑟
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=𝜂

𝜕 2 𝜈𝑟
𝜕𝑧 2

𝜂 𝑑2 𝑓

= 𝑟 𝑑𝑧 2 ,

(8.3)

𝜕𝑃

z component:

𝜕𝑧

= 0.

(8.4)

By solving the above set of differential equations, the pressure distribution within
the deformation region is determined by Eq. (8.5) [76)].
6𝜂𝑄

𝑟

𝑝(𝑟, 𝐻) = 𝑝𝑜 − 𝜋𝐻 3 𝑙𝑛 𝑅

𝐺

(8.5)

Thus, P is only a function of r and H while Q is the injection rate 𝑝𝑜 is the melt
pressure at the gate location and η is the viscosity of the melt which are both considered
constant and calibrated for each experiment using the pressure captured by the sensors
embedded at the post gate and end of flow locations (P1 and P2).

8.3 Prepreg deformation modeling
8.3.1 State-of-the-art and challenges

Experimental studies have shown that estimations of forming can be improved by
using a proper modelling technique [77-79]. A study focused on developing a method that
allows modelling of the in-plane deformation for various types of stacking and analyzing
shear properties using a bias extension test [78]. Herewith, differences were observed in
the in-plane deformation response for two types of material systems. In another study,
different stacking and sequences bending behaviors were examined by using a bending test
in order to determine the practicality of using a viscoelastic material model to analyze
bending behavior [77]. Thus, the finite element model, which is the viscoelastic material
model, estimated the behavior of the material having different parameters. Akermo et. al.
(2013) studied hot drape forming to understand the effect on stacked prepregs on interply
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friction. These experiments were simulated in finite element code using continuum
modelling. As a result of the simulations, during hot drape forming, compressive band and
tensile stress occurred in the selected area [79]. Another study used a prepreg compression
molding method to ease the formation of complex prepreg shapes accomplished at higher
temperatures. Experiments have also been done using extension tests. These tests showed
that carbon/epoxy prepreg can be highly deformable at low temperatures. A forming of
fibrous materials numerical algorithm was used as the finite element code and numerical
technique in Abaqus. Simulations showed that some of the shapes were promising.
However, for more exact shapes, suggested analysis using shell elements [80].
Furthermore, this study shows the importance of preforming to the developing of part
material and process cycle-time. Alshahrani and Hojjati (2017) used Double Diaphragm
Forming method on out-of-autoclave prepregs to observe processing time and cost when
the application is a complex geometry such as in aerospace applications. DoubleDiaphragm and the material properties were modeled in a Finite Element model. AniForm
software, which is finite element approach, was used for the forming simulations. In
conclusion, results showed that formability highly effected from the change in lay-up
sequences. However, with experiments and simulations wrinkles were observed. These
wrinkles showed were different for various lay-ups; however, they suggested further
studies [81]. The high-pressure forming method’s effects on multistacked UD prepreg were
examined in a research [82]. This article compared forming multistacked UD prepregs at
different pressure levels. The stacking sequence for a c-shaped material, temperature,
porosity level when using an out-of-autoclave process were also considered. High-pressure
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forming was created with a Quintus Flexform fluid cell press which is a hydro forming
process to create a pressure. Experiments showed that high pressure caused wrinkling and
radius thinning. However, compression mechanisms performed well on forming at high
pressure levels. This study minimized the wrinkling by using a steel sheet dummy although
the dummy did not have an effect on radius thinning. Also, this study observed that high
pressure did not have an effect on porosity level [82]. In another study, the effects of a
caul-sheet on a composite laminate was analyzed under differentpressure conditions [83].
In this study, the author’s compared results of the processing corner regions of the material
that is pressurized to observe the thickness profile of the material, with or without caulsheet. Finite element code was developed to model the experiments so that the model
predicted the thickness profile results for different type of caul-sheets. A software named
COMPRO was used for the simulations. This software was used during autoclave
processing and simulated heat transfer, cure kinetics, flow and deformation of the material.
In this study, the results showed that the thickness profile of the autoclaved composite part
was affected to a considerable extent from caul-sheet use. Moreover, thin cured composite
material was the most efficient caul-sheet. The modeling process gave predicted results
such as thickness profile. However, different caul-sheet configuration’s values of
sensitivity were lower than the values from experiments [83]. The presented study shows
the deformation of carbon/epoxy prepreg by injection of polypropylene. A tensile test was
used to study the material properties. These test results were able to provide the stressstrain curve of carbon/epoxy prepreg. The curve was used to input data of the material in
Abaqus/Standard. However, the curve did not have a plastic region. Therefore, yield stress-
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plastic strain data in Abaqus/Standard was provided from the data of stress-strain curve.
This model, which is a temperature isolated model, tested for 9 pressure values. For each
pressure value stress, strain, and pressure results were obtained and compared to
experimental test results.
8.3.2 Simplified material modelling

A tensile test was carried out in order to determine the deformation capabilities of the
carbon/epoxy prepreg based on its material properties. An Instron (model 5985) having a
250 kN load cell was used to record load and displacement from the crosshead. All
samples were tested at a crosshead speed of 2 mm/min. Prior to the testing, four layers of
stacked prepreg sheet were formed into the dog bone shape using a mold and press (
a)

b)

Figure 8. 2-a). Then, the dog bone shape prepregs pre-heated in an oven to mimic the
design of experiments mentioned in Table 6.1. However, 3 minutes pre-heated samples
warped and delaminated due to insufficient curing while longer pre-heated samples
fractured in the grip area (
a)

b)

Figure 8. 2-b).
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a)

b)

Figure 8. 2-a) Four layers of dog bone specimen’s preparation b) Four layers of partially cured specimens
without tab

Later, glass fiber/ epoxy tabs were glued onto the grip sections of the rectangular
specimens after the pre-heating stages to overcome the challenges faced earlier.
Unfortunately, these samples suffered from breaking at the gripping section as well (Figure
8. 3).

Figure 8. 3: Four layers of partially cured CF/Epoxy specimen with tab after the tensile test

Therefore, it was decided to fully cure the samples to prevent fracture and apply a
clamping pressure between metal plaques to avoid any warpage. For this part of the
analysis, rectangular shape of the four-layer prepregs based on the ASTM D3039
dimensions were cured between the metal plaques at 140oC in 2 hours. Before the tensile
test, glass fiber epoxy tabs were glued to the grips and let it cure overnight (Figure 8. 4).

Figure 8. 4 : Four layers of fully cured CF/Epoxy after the tensile test
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Figure 8. 5 illustrates the stress-strain results for four layers of fully cured
CF/Epoxy samples. As the figure shows the average ultimate strength reach around 450
MPa.

Figure 8. 5: Average stress-strain curve for four layers of fully cured CF/Epoxy samples

8.4 Finite element model
An Abaqus model was built to simulate the deformation of the prepreg sheet under
the calculated pressure field using the calibrated analytical model. Due to the axisymmetric
geometry and the loading condition of this problem, a 2D modeling approach was
considered to reduce the computational cost. As it is shown in Figure 8. 6, the model
consists of a deformable part as the prepreg sheet that is meshed with the CAX4R element
type (4-node bilinear axisymmetric quadrilateral, reduced integration, hourglass control
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element) and two analytical rigid bodies as the blank holder and die. All the influential
dimensional parameters such as depth of cavity and die fillets are adjusted exactly to the
experimental setup. The material properties for the prepreg sheet were entered into the
model based on the tensile test result and modeling approach detailed in section 8.3.2. All
the interactions are considered as a surface-to-surface contact with a constant friction
coefficient. As the friction between the prepreg sheet and the die plates made of steel tools
has not yet investigated in the literature, a constant friction coefficient was considered and
adjusted to achieve a close match with the experimental results.

Figure 8. 6: The 2D Axisymmetric Abaqus model and demonstration of pressure distribution

This simulation was carried out in three steps. First, the boundary condition and
interaction properties were applied on the assembly model. A constant BHF was then
applied to the clamped area of the prepreg sheet by the rigid blank holder part. Finally, the
pressure distribution calculated and calibrated for each experiment was defined as an
analytical field and applied to the forming region as shown in Figure 8. 6.
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8.3 Results, validation and, discussion
The main goal of this chapter is to explore the possibility of simulating the prepreg
deformation during a complex condition HSS process using finite element methods. The
process parameters were selected identical to the associated experiments mentioned in
Table 6.1.
Figure 8. 7 shows a comparison of the pressure contour applied on the prepreg blank
during experiments 1 and 7, representing the experiments with the highest and lowest level
of the pressure respectively. This result demonstrates that the highest level of pressure
occurred in the experiment with the highest injection rate (10 cm3/s) and melt temperature
(200 °C) whereas, the lowest level of the pressure was captured in the lowest setting of
injection rate (2 cm3/s) and melt temperature (170 °C). This can be attributed to the fact
that the combination of the highest injection rate and highest melt temperature cause less
pressure loss during the injection phase resulting in higher level and more uniform
distribution of the pressure melt. The more uniform pressure distribution is clearly
observed in Figure 8. 7-a compare to Figure 8. 7-b.
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Figure 8. 7: Contour of pressure distribution for experiment number 1 (a) and 7 (b) as the maximum and
minimum observed pressure level

The contour plots of equivalent plastic strain, PEEQ, in deformed prepreg sheets
for all the nine experiment settings are shown in Figure 8. 8. It is evident that the maximum
strain was observed in the experiment conducted with the highest preheating time (15
minutes). It is believed that, in this experiment, the prepreg sheet was cured to the highest
level which resulted in more strain concentration and resistance against deformation. In
contrast with the hybrid process of sheet metal forming and injection molding, in which
the maximum strain was always reported at the center of the blank [58], the result of this
simulation shows that the maximum strain is occurred at the contact of the prepreg with
the die fillet (see Figure 8. 8, experiments 6 and 8). The reason behind this difference is
attributed to the significantly lower formability of the prepreg sheet compare to the sheet
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metals (especially aluminum sheets used in the aforementioned study). Thus, the low
formability of the prepreg sheet leads the forming process to be more like a drawing and
bending process rather than deformation in the thickness direction. The localized strain
concentration at the die fillet region is also aligned with the rupture and the resultant
penetration of the melt that was observed in our initial trials (see Figure 8. 8-j).
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Figure 8. 8: (a)-(i) Contour of strain distribution for experiment 1 to 9, (j) fracture and penetration observed
in one of the initial trials

As the aim of this work was to simulate the deformation of the prepreg in this hybrid
process, the final deformed geometry is the most important result used to evaluate the
accuracy of the modeling approach. Hence, the cross-section images of the actual samples
are compared with their corresponding simulation results combined with stress
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distribution, as shown in Figure 8. 9 and Figure 8. 10. The combination of the lowest curing
condition along with the lowest melt temperature and injection speed in experiment 7
resulted in a poor bonding strength between prepreg and injected polymer. Consequently,
the prepreg sheet could not maintain its deformation after it was ejected out of the mold
resulting in an almost flat shape of the actual sample made from experiment 7. Except for
this experiment, a reasonable agreement is evident between the simulated results and
experiments. In almost all graphs, the maximum stress was observed on the inner surface
of the prepreg sheet (which is in contact with injected melt) close to the contact point with
the die fillet. Moreover, the presence of the gap between die and the prepreg sheet in the
clamping area shows the possibility of wrinkling and deflection of the prepreg sheet after
processing. The wrinkling and deflection issues was also clearly observed in the
experiment samples. The best forming condition (lowest corner radius of the deformed
prepreg) was observed in experiment 1 and 5, which clearly demonstrated the importance
of the injection rate in achieving a good forming condition in this process.
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Figure 8. 9: (a)-(d) Mises stress distribution and comparison of the final deformed shape with the cross
section of the actual samples from experiments 1 to 4
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Figure 8. 10: (a)-(e) Mises stress distribution and comparison of the final deformed shape with the cross
section of the actual samples from experiments 5 to 9.
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CHAPTER NINE
9. CONCLUSIONS AND OUTLOOK

9.1 Conclusions
The main purpose of this study was to develop and to explore the fundamental
knowledge of Hybrid Single Shot (HSS) method to manufacture TS/TP hybrid component
in single operation. In specific, feasibility of this process, process optimization, thermal
and mechanical properties, and bonding capabilities were investigated both
experimentally, and numerically. The detailed conclusion of each chapter is discussed
below:
In chapter four, an integrated injection, forming and curing process for
manufacturing TS-TP hybrid structures in a single operation was detailed. First, the
demonstrated parts were manufactured and used to investigate the effect of major process
parameters on the occurrence of the penetration within the final hybrid product. A
numerical simulation was then used to study the feasibility of ensuring the suitable curing
conditions to create the prepreg sheet. First, this proposed integrated process was
successfully used to create the demonstrator products of TS-TP hybrid structure. Secondly,
it was observed that higher injection speed rates did yield a penetration of the polymer
through the outer surface of prepreg sheet. The freezing of the molten polymer as a thin
layer of the mold cavity caused by a lower injection speed rate is a possible explanation of
this penetration. This freezing was also characterized by seal like behaviors between the
prepreg sheet and injected polymer. Also, the extension of the packing time at a higher
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injection speed causes a penetration on the corner of a prepreg sheet which is absent of
cavity support. The reduction in the blank holder force at a high injection speed rate,
however, caused a reduction in penetration due to the lower cavity pressure. Finally, a
reduction in temperature between the center and edge of the cup-shape area was observed
in the numerical simulation, the result of which was a lower temperature of the initial melt
temperature at the center of the prepreg.
In chapter five, an examination of the effect of blank holder force, pre-heating time,
injection temperature, and injection speed variables on CF/Epoxy- PP hybrid components
determined the successful removal of the previously reported polymer penetration issue
using the process variables detailed here. However, an insufficient deformation and joining
did occur at lower pre-heating, injection temperature, and injection speed variables, caused
by the high viscosity and low-pressure effect via a lower temperature and speed.
Next, an examination of the effect of pre-heating time, injection temperature, and
injection speed variables on CF/Epoxy- PP hybrid components determined the successful
removal in earlier chapter using the process variables detailed here. However, the
experimental results were also characterized by an insufficient deformation and occurrence
of joining under conditions of a lower pre-heating, injection temperature, and injection
speed, the result of which was a high viscosity and low-pressure effect via lower
temperature and speed. A DOC, flexural property, and morphological analysis was
conducted for purposes of examining the effects of the process variables upon these
properties, and the Taguchi S/N ratio method was then used to evaluate the results of that
analysis. A DSC analysis of the effect of process parameters before and after injection
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molding process noted an increase in degree of curing for each studied experimental
variable, which was the result of the injection molding process. The findings indicating an
incremental change in the degree of cure caused by a longer higher pre-heating were not
surprising, with the maximum degree of cure of the prepreg calculated at 86% with the
highest pre-heating time, and injection temperature of 15 min, and 200 0C. However, the
results of the Taguchi S/N ratio analysis also indicate that an increased in the injection
speed positively effects the level of the degree-of-cure. Such results indicate the possibility
of improving the degree of curing through a combination of a higher pre-heating time,
injection temperature, and injection speed, which will be the subject of our future studies.
Secondly, the Three-point flexural test was undertaken to identify the effect of the analyzed
parameters on the mechanical behavior of the manufacture specimens, which were shaped
as plaques via injection molding and then excised per ASTM D790-17 standards. An
analysis of the samples characterized created with a low pre-heating time indicated a by a
lower flexural strength and flexural modulus than that of even neat PP. An inadequate
bending between the prepreg and PP is hypothesized as the cause of the thinner layer of
the PP as opposed to the thicker layers of the reference samples. In addition, an enhanced
series of flexural properties were observed when both the pre-heating time, and injection
temperature were at a maximum, which was verified by Taguchi S/N ratio analysis.
However, Sample 5 with a lower pre-heating time than Sample 6 was the lone outlier and
did not follow the established pattern. Further, an improved flexural modulus and strength
was observed in samples pre-heated for 10 min, rather than 15 min at 190 ℃, due to the
enhanced flexural properties created by the injection speed of 10 cc as demonstrated in the
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Taguchi analysis. Finally, SEM of the top center, edge, and the interface between PP and
prepreg of all samples indicated the occurrence of insufficient bonding at the sample edges
except Sample 1 which was created with the lowest pre-heating time and the highest
injection temperature and speed. The effect of the higher flexibility of a short pre-heating
time, and a lower viscosity that increased the bonding capabilities was the cause of this
discrepancy. In addition, samples with the higher injection speed enhanced deformability
and bonding capabilities in the interface of these two materials which resulted a higher
flexural property. A consideration of all of these factors clearly indicates the vital need for
a lower pre-heating time and higher injection speed to ensure the proper conditions of
deformability and bonding. Conversely, a higher pre-heating time, and injection
temperature are the most significant parameters necessary for achieving the highest DOC.
Similarly, given that a higher pre-heating time enhances the flexural properties. Although
the higher pre-heating time might be a concern of a longer cycle time, this is not applied in
the proposed model since the preheating and injection molding processes run in a parallel
operation. Therefore, either the research or application requirements must be used to
inform the development of the optimal process parameters.
Later, the effect of pre-heating time, injection temperature, and injection speed on
bonding strength between the CF/Epoxy prepreg and injected PP was studied. In addition,
the influence of the two in-mold process variables (i.e. cavity temperature and pressure)
were investigated using the data obtained from the embedded sensors into a specialized
mold. The investigation yielded the following conclusions:
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- An increase in the pre-heating time from 3 to 10 minutes resulted in a significant increase
in the bonding strength of the hybrid sample. However, the bonding was only slightly
improved by heating the prepreg for longer than 10 minutes.
- The improvement of bonding strength using both higher preheating time and speed is
related to the thinning effect of the polymer due to a lower viscosity at under these process
conditions.
- Regardless of the set injection speed and melt temperature, the maximum cavity pressure,
and mold temperature were mostly observed in the experiments with 10 minutes preheating
time, indicating the optimal condition of the process with this setting.
- Irrespective of preheating time and injection speed, the polymer melt injected at 190 °C
could best progress the deformation to the final stage which led to a higher level of cavity
pressure.
Finally, a reasonably accurate simulation approach was presented to model the
prepreg deformation considering the most important thermal and mechanical aspects of the
HSS process. A greater understanding of the effect of the complex interaction between
injection, forming, curing and bonding in the process performance and quality of the final
part was accomplished. The following findings were derived from this study:
- Increasing the injection rate and melt temperature results in more uniform pressure
distribution with a higher level of pressure.
- The maximum strain was observed in the experiment conducted with the highest
preheating time (15 minutes). It is believed that, in this experiment, the prepreg sheet was
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cured to the highest level which resulted in more strain concentration and resistance against
deformation.
- The maximum stress was observed on the inner surface of the prepreg sheet (which is in
contact with injected melt) close to the contact point with the die fillet.
- The combination of the lowest curing condition along with the lowest melt temperature
and injection speed resulted in a poor bonding strength between prepreg and injected
polymer. Consequently, the prepreg sheet could not maintain its deformation after it was
ejected out of the mold resulting in almost flat shape of the actual sample made from
experiment 7.

9.2 Outlook
HSS is a comprehensive and novel approach which is suitable for automotive
applications (e.g., load bearings, side sills, and structural components) that permits the
substitution of thermoset materials with either existing materials or those that are
manufactured more rapidly than current technologies. On the other hand, considering the
novelty of the HSS method, this is open to variety of perspectives. Therefore, following
notes might be considered for the future studies:

•

Current study was able to reach 87% degree of cure level while overcoming the
excessive penetration issue. It is suggested that degree of cure level may be enhanced
by either post-heating process or process optimization.
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•

Process optimization was successful to remove the excessive penetration whereas the
inadequate deformation and insufficient bonding was still observed within the studied
parameters. Therefore, it is suggested to enhance deformation and bonding
characteristics by optimizing the process parameters or altering the geometrical design.

•

Given that the maximum bonding strength was achieved through only the tackiness of
the prepreg, further investigation is recommended to explore other methods for
increasing the bonding condition.

•

In HSS method, curing time of CF/ Epoxy is 5-25 % of the manufacturer suggested
curing time. Therefore, HSS is a promising sustainable manufacturing approach since
it reduces the curing time of the prepreg as compare to the traditional multi-material
design approaches. Also, the energy consumption of the HSS after the pre-heating stage
is as same as manufacturing of neat thermoplastic in the same cavity. However,
conducting a Life Cycle Assessment (LCA) might be a beneficial approach to identify
the energy efficiency of the HSS method.

•

The proposed numerical modeling approach can be extended by considering nonisothermal conditions of the process, anisotropic behavior of the prepreg sheet and a
3D complex geometry for the deformation and to capture the flash of polymer, along
with its resultant issues in this hybrid process. Moreover, fully coupled FSI approaches
are to be developed to consider the complex interaction of injection, forming, curing
and bonding processes in a single model.
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